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ABSTRACT
We report European Very Long Baseline Interferometry Network (EVN) radio continuum observations
of ASASSN-14li, one of the best studied tidal disruption events (TDEs) to date. At 1.7 GHz with
' 12 × 6 mas resolution, the emission is unresolved. At 5.0 GHz with ' 3 × 2 mas resolution, the
radio emission shows an extended structure that can be modeled with two components: a core-like
component and a fainter, possibly elongated source 4.3 mas (∼ 2 pc) away. Our observations are not
conclusive as to the nature of the components, but three scenarios are discussed. One possibility
is a core-jet/outflow morphology, thus making of ASASSN-14li the first TDE jet/outflow directly
imaged. For this case, the projected separation between the two components can only be explained by
superluminal motion, rather than the lower velocities inferred from low-resolution radio observations.
However, typical fast moving jets have brightness temperatures ∼ 5 orders of magnitude higher than
we find, thus making this scenario less likely. The second possibility is that we are imaging a non-
relativistic jet from past AGN/TDE activity. In this case a past TDE is preferred given that the
spatial extension and radio luminosity of the elongated component are consistent with the theoretical
predictions for a TDE outflow. Alternatively, the two sources could indicate the presence of a binary
black hole, which would then naturally explain the enhanced TDE rates of post-starburst galaxies.
Future EVN observations will help us to distinguish between these scenarios.
Keywords: galaxies: active — galaxies: nuclei — galaxies: individual (PGC 043234) — radio contin-
uum: galaxies
1. INTRODUCTION
Supermassive black holes (SMBHs) have masses be-
tween 106–109.5 M and they can be as luminous as an
entire galaxy (> 1045 erg s−1; Kormendy & Ho 2013).
Their luminosity is regulated by the accretion of sur-
rounding material. It has long been recognized that
accretion onto an SMBH could operate in two modes:
steadily or intermittently (Shields & Wheeler 1978).
Steady accretion can be sustained by hot gas from the
host halo, stellar winds in the galactic nucleus, etc.
(Shull 1983). Sudden/intermitent accretion can occur
when the SMBH swallows clouds of cold gas (Tremblay
et al. 2016) or orbiting stars in their vicinity (Hills 1975;
Rees 1988; Evans & Kochanek 1989). In the latter of
these feeding possibilities, the so-called tidal disruption
events (TDEs), the total or partial disruption of the star
? cristina.romero.fdi@mail.udp.cl
provides fuel that is promptly fed to the accretion disk.
TDEs have been identified at optical, UV and X-ray
wavelengths, but little is known about their radio emis-
sion (see the review by Komossa 2015). It seems likely
that only a small fraction of TDEs produce significant
radio emission (see, e.g., Generozov et al. 2017). Either
most TDEs do not launch jets, or their opening angles
are so small that they easily go undetected (Bower et
al. 2013; van Velzen et al. 2013; Generozov et al. 2017).
High-resolution observations of NGC 4845, the nearest
TDE host, will likely provide valuable constraints on
the TDE production of radio jets (Irwin et al. 2015).
Swift J164449.3 + 573451 is a particularly interesting
case as radio and X-ray observations provided strong
evidence of relativistic outflows from a TDE for the
first time (Bloom et al. 2011; Burrows et al. 2011;
Levan et al. 2011; Zauderer et al. 2011). However,
Swift J164449.3 + 573451 was observed using Very Long
Baseline Interferometry (VLBI) repeatedly during 2011
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2(Berger et al. 2012) and the radio source remained unre-
solved at a resolution of 0.2 mas, implying an upper limit
on the expansion velocity of . 3.8 c. Continued moni-
toring with the European VLBI Network (EVN) from
2011 to 2015 has shown that the radio source is still
compact, and the measurements are in agreement with
either a rapidly decelerating source (average β . 0.3 c)
or a very small viewing angle (Yang et al. 2016).
A very important discovery was made with ASASSN-
14li. Initially identified in the optical, this is one of the
few TDEs to show evidence of both thermal and non-
thermal components. ASASSN-14li was discovered by
the All-Sky Automated Survey for Supernovae (ASAS-
SN; Shappee et al. 2014) on 2014 November 22 at the
center of the nearby (z = 0.0206, D = 90.3 Mpc)
post-starburst galaxy PGC 043234 (Holoien et al. 2016).
PGC 043234 appears to be the remnant of a recent
merger that likely hosted a low-luminosity Type II AGN
prior to the TDE (Prieto et al. 2016). Holoien et al.
(2016) present the optical, UV and X-ray properties of
the event, followed by additional X-ray (Miller et al.
2015; Brown et al. 2016), UV (Cenko et al. 2016), radio
(Alexander et al. 2016; van Velzen et al. 2016, and this
work), and mid-IR (Jiang et al. 2016) studies.
The radio observations by Alexander et al. (2016)
pointed to a non-relativistic outflow that would have
been ejected between 2014 August 11 and 25 August
with an apparent velocity of 0.04c–0.12c. The high-
frequency radio observations by van Velzen et al. (2016)
also favored a non-relativistic jet interpretation. Krolik
et al. (2016) argue that the radio emission was produced
by the ejected, unbound tidal debris.
Here, we report on EVN observations of ASASSN-
14li from 2015. We describe the observations and their
analysis in §2. We compare our observations with pre-
and other post-TDE radio observations and discuss the
implications of our results in §3. Our conclusions are
presented in §4.
2. OBSERVATIONS AND DATA ANALYSIS
ASASSN-14li was observed with the EVN in 2015 un-
der program EP096 (PI: J. L. Prieto). The observations
consisted of three observing segments (see Table 1). Seg-
ment A was used to confirm the detection of compact
radio emission. Subsequent dual-frequency observations
(segments B and C) were made quasi-simultaneously to
obtain an accurate spectral slope. Segment A lasted a
total of 7 hr and segments B and C lasted 5 hr. Our
observing setup resulted in an aggregate bit rate of
1024 Mbps at 2 bit sampling. We used an integration
time of 2 s and 8 sub-bands of 16 MHz each with full po-
larization. OQ208 and J1159+2914 were used as fringe
finders. J1250+1621 was used as a phase calibrator.
This is a compact source at a projected distance of
1.◦5 from ASASSN-14li, thus well below the maximum
calibrator-to-target separation of 5◦ recommended for
VLBI observations (e.g., Fomalont 2005; Mart´ı-Vidal et
al. 2010). J1159+2914 remained constant at a 1σ level
in both time and frequency, and had a flux density of
0.19±0.01 Jy in segment B.
We reduced the data within the National Radio
Astronomy Observatory (NRAO) Astronomical Image
Processing System (aips). The calibration products
from the EVN pipeline were used to inspect the quality
of the data. We took into account ionospheric correc-
tions and radio frequency interference to improve the
calibration. Images of the calibrators revealed compact
morphologies, so there was no need to add a model for
fringe fitting.
Figure 1 shows a color image of the naturally weighted
maps from the 2015 June observations at the two bands,
and Table 2 reports the source model parameters for all
the maps. The uncertainties in peak intensity and flux
density are obtained by adding in quadrature the noise
(rms) in each map to a 5% uncertainty in the point-
source calibration. For the flux density uncertainties,
the noise term includes a factor equal to the number of
beams covering the emitting region.
The images at 1.7 GHz show an unresolved source re-
gardless of the weighting scheme used for imaging in
both segments A and C. For the observations in 2015
June, we made a 5.0 GHz map using the same convolv-
ing beam as the one obtained at 1.7 GHz with natu-
ral weighting, thus effectively degrading its resolution.
This allowed us to obtain a global spectral index (α) of
−0.7± 0.1 (defined as Sν ∝ να).
The natural weighted map at 5.0 GHz (Figure 1,
right panel) shows an extended structure that can be
modeled with two components: a core-like one, and
a possibly elongated one with a ∼ 5σ peak. Their
ICRF2 J2000 peak positions are αc1 = 12
h48m15.s2261,
δc1 = 17
◦46′26.′′469 and αc2 = 12h48m15.s2258, δc2 =
17◦46′26.′′468, where the subscripts correspond to the la-
bels in Table 2 and Figure 1. The position uncertainty
is less than 1 mas, even after taking into account the
random errors in the position of the phase reference cal-
ibrator. The peak of the elongated component (c2) is at
a projected distance of 4.3 mas or 1.9 pc (5.8× 1018 cm)
from the peak of component c1.
In the process of phase-referencing, solving for resid-
ual phase errors determined for the calibrator source at
a slightly different sky position and at slightly differ-
ent times than the target observations, some random
and/or systematic phase errors may have been left un-
calibrated. As a result, spurious, low-level structures
may appear in the maps. ASASSN-14li was too weak
to apply self-calibration in phase and account for such
errors. This problem can also be alleviated with the use
of an additional source brighter than the target and ob-
served in the same way, as done by Yang et al. (2016)
in their observations of Swift J164449.3 + 573451. If the
same structure is observed toward both the target and
the check source, then the common structure can be at-
tributed to errors in the phase calibration. In this case,
our observations did not include such source, and only
future observations can verify the morphology of the tar-
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Figure 1. EVN color maps of ASASSN-14li at 1.7 GHz (left) and 5.0 GHz (right). The ellipses at the bottom of each panel
correspond to their convolving beams. The reference coordinates in the right panel are α(J2000) = 12h48m15.s2261, δ(J2000) =
17◦46′26.′′469 (1 mas= 0.44 pc). Labels correspond to the core-like (c1) and elongated (c2) components described in the text.
Table 1. Log of the EP096 EVN observations.
Segment Observing ν Time on EVN stationsa
date (GHz) source (hr)
A 2015 Apr 14 1.7 3.7 Ef, Jb1, On, Hh, Sh, Wb, Tr, Jd, T6
B 2015 Jun 10 5.0 3.3 Ef, Jb2, On, Hh, Sh, Wb, Tr, Mc, Sv, Zc, Bd, Nt, Ys
C 2015 Jun 12 1.7 3.2 Ef, Jb1, On, Hh, Sh, Wb, Tr, Mc, Sv, Zc, Bd
aLocations and diameters are found at http://www.evlbi.org/user_guide/EVNstatus.txt
get. However, we did thoroughly test the reliability of
the structures we find. We experimented with differ-
ent weighting regimes while imaging to test whether the
observed structure could be an artifact. There are, for
example, no correlations between the sidelobes and the
emitting components. We made images both with aips
and the Caltech imaging program difmap (Shepherd et
al. 1995), and consistently find the same source struc-
tures and intensities in all our imaging trials in both
packages.
3. THE NATURE OF THE RADIO EMISSION
Alexander et al. (2016) reported Very Large Array
(VLA) observations of ASASSN-14li at similar dates and
frequencies to those we report here. The fluxes they find
on 2015 April 21 (2.13±0.09 mJy at 1.8 GHz) and 2015
June 17 (2.24±0.06 mJy at 1.8 GHz and 1.26±0.04 mJy
at 5.0 GHz) are significantly higher than we found, al-
though the implied spectral index of α ' −0.6 is sim-
ilar. Effectively, the flux density at 1.8 GHz from the
VLA observations can be considered as constant within
the uncertainties. In the case of the EVN measurements
we observe an increase of ∼ 30% at a similar frequency,
although the significance of this apparent increase is low
(∼ 3.5 times the standard error of the mean). For all
observations, the flux density at 5.0 GHz is always lower
than the corresponding flux at 1.7 GHz (or 1.8 GHz) in
the same epoch.
It is known that the flux density recovered in phase-
referenced VLBI experiments decreases with increasing
observed frequency and calibrator-to-target separation
(e.g., Mart´ı-Vidal et al. 2010). For the frequencies we
observed here and given the small separation between
ASASSN-14li and J1250+1621, the loss in flux density
should be of only a few percent, and thus not significant
to explain the drop in flux density in the EVN mea-
4Table 2. Source parameters.
Segment FWHM rms Pν Sν Lν Deconvolved log10TB
(mas2, deg) (µJy/beam) ( mJy/beam) ( mJy) (1027 erg s−1 Hz−1) size (mas2, deg) (K)
A 14.5 × 7.3, 83 34.4 1.12 ± 0.07 1.12 ± 0.07 10.94 ± 0.64 3.8 × · · ·, 105.3 > 6.67
B 11.5 × 6.2, 78 14.5 0.71 ± 0.05 0.72 ± 0.05 7.07 ± 0.51 3.8 × 1.8, 67.6 6.70 ± 0.03
C 11.5 × 6.2, 78 40.0 1.54 ± 0.13 1.62 ± 0.13 15.84 ± 1.26 4.1 × 1.5, 144.6 8.06 ± 0.03
Bc1 0.47 ± 0.03 0.63 ± 0.06 6.14 ± 0.63 1.5 × 1.4, 111.2 7.16 ± 0.04
2.7 × 2.4, 71 13.6
Bc2 0.09 ± 0.01 0.10 ± 0.02 0.97 ± 0.22 3.4 × 1.6, 89.1 5.95 ± 0.10
Note— Col. 1 – major and minor synthesized beam fitted FWHM of each map. Col. 2 – rms value. Col. 3 – peak
intensity. Col. 4 – flux density. Col. 5 – luminosity at the central frequency. Col. 6 – deconvolved size. Col. 7 – brightness
temperature.
c1 Core-like component
c2 Elongated component
surements with respect to the VLA ones. Instead, we
assume that there must be a significant amount of dif-
fuse, extended emission recovered by the VLA B/BnA
configuration beam (∼ 4.′′3). This could also explain
the slightly higher flux (2.6 ± 0.4 mJy) we measure in
the FWHM= 5.′′4 × 5.′′4 map from the Faint Images of
the Radio Sky at Twenty-cm survey (FIRST; Becker et
al. 1995), and the apparently even higher flux density
(3.2 ± 1.4 mJy) we measure in the FWHM= 45′′ × 45′′
map of the NRAO VLA Sky Survey (NVSS; Condon
et al. 1998). The 1.4 GHz observations reported by
van Velzen et al. (2016) at a resolution of 11′′–13′′,
are consistent with the flux densities measured in both
the NVSS and FIRST images within the uncertainties.
Given the different beam sizes, there is no strong evi-
dence for missing flux when comparing pre- and post-
TDE measurements. The diffuse emission we are re-
solving out with the EVN at both 1.7 and 5.0 GHz, is
likely related with the pre-TDE steady source, a puta-
tive AGN, as proposed by Alexander et al. (2016) and
van Velzen et al. (2016).
Prieto et al. (2016) present evidence for a pre-existing
AGN in PGC 043234 based on the emission line ratios of
diffuse gas near the galaxy. As noted above, Alexander
et al. (2016) argue that there must be a steady source
within the radio emission measured with the VLA whose
flux density follows Sν ≈ S0(ν/1.4GHz)−1. Such a steep
power-law for the flux density implies large radiative
losses and an old radiative age for the putative AGN
(older than a few times 107 yr, e.g., Murgia et al. 2011).
The optically-thin spectral behavior is consistent with
the non-thermal (TB > 10
6 K) core-like component ob-
served with the EVN. The spectral index is probably less
steep than −1 as we infer from our EVN observations,
where the spectral index is dominated by the core-like
component, given that the elongated, fainter one repre-
sents only < 14% of the total flux density.
Holoien et al. (2016) obtained a pre-TDE ROSAT
X-ray flux limit for the AGN in the host. The
corresponding hard X-ray (2–10 keV) luminosity is <
1.27 × 1041 erg s−1, obtained using the Mission Count
Rate Simulator at http://heasarc.gsfc.nasa.gov/
cgi-bin/Tools/w3pimms/w3pimms.pl with an input
photon index of 2 fitted in the 0.08–2.9 keV energy range
(Holoien et al. 2016). Considering the 2–10 keV lumi-
nosity and the 5 GHz luminosity of the steady compo-
nent described by Alexander et al. (2016), we obtain
log10RX > −3.7 for the radio to hard X-ray luminosity
ratio (as described by Terashima & Wilson 2003). The
AGN thus lies in the region dominated by low-luminosity
AGNs and hard-state Seyferts (in agreement with Pri-
eto et al. 2016), and we infer that the pre-TDE AGN
was not very active, likely due to starvation (Ho 2002).
The origin of the possibly elongated component is less
clear. The projected distance between the peak posi-
tions of the components is 1.9 pc. If the elongated com-
ponent is an outflow or a jet related to ASASSN-14li,
and was ejected on 2014 August 11–25 (Alexander et al.
2016), then its apparent velocity is (vapp) is 7.4c–7.8c.
Such superluminal motion disagrees with the interpre-
tation of ASASSN-14li as a non-relativistic outflow/jet
or unbound debris (Alexander et al. 2016; van Velzen
et al. 2016; Krolik et al. 2016). Following Boettcher
et al. (2012), we calculate a lower limit for the bulk
Lorentz factor, Γ, of 7.5–7.8, and a maximum viewing
angle of 14.◦7–15.◦4 at which vapp can be achieved. Given
that Γ ∼ vapp, the maximum viewing angle should be
close to the critical angle, which in this case is within
the lower-end of the values typically found for steep-
spectrum radio quasars and the upper end of the val-
ues for flat-spectrum radio quasars (Urry & Padovani
1995; Padovani 2007). We note, however, that the typi-
cal brightness temperature for jet features observed with
VLBI is usually a few times 1011 K (Kellermann et al.
2007). Those authors also found that there are no low-
luminosity sources (as we find here) with fast apparent
velocities. This makes the relativistic jet/outflow sce-
nario less plausible.
5If the elongated component is a non- or mildly-
relativistic outflow or jet from a past AGN flare or a
previous TDE, then it would have been ejected before
2009, for an apparent velocity of < 1c. In particular, if
it is the unbound debris ejected from a past TDE, the-
oretical models predict that the typical velocity would
be ∼ 0.03c (Chen et al. 2016; Guillochon et al. 2016).
With such a velocity, the unbound debris stream could
traverse typically a distance of∼ 10 pc before being com-
pletely stalled by the interstellar medium (ISM; Guillo-
chon et al. 2016). Therefore, the elongated component
which we detected at a distance of about 2 pc from the
core can be interpreted as an unbound debris stream still
evolving in the free-expansion phase. Given the ∼ 0.03c
theoretical velocity and the projected distance between
components c1 and c2, we also infer that the past TDE
happened about 150 years ago and the TDE rate in this
post-starburst galaxy is about 5 × 10−3 yr−1. Such a
high event rate is not unusual for systems containing
binary SMBHs (Chen et al. 2009, 2011) and has been
inferred for TDEs hosted in post-starburst galaxies (Ar-
cavi et al. 2014; French et al. 2016). Given this rate,
we calculate the luminosity at 5 GHz using our model
of shock heating and synchrotron cooling of unbound
debris assuming an ISM similar to that in the Galactic
Center, and we find νLν ∼ 1035–1037 erg s−1 (figure 9 in
Guillochon et al. 2016). This luminosity is also consis-
tent with what we derived for the elongated component
in Table 2.
The host of ASASSN-14li is a post-starburst galaxy
and has a morphology suggestive of previous merger ac-
tivity (Prieto et al. 2016), where the presence of a binary
BH would be expected. Thus, if components c1 and c2
are truly separate components, an alternative scenario
for their origin would be a binary BH system. For a pri-
mary BH mass within 106–107 M, the sphere of gravi-
tational influence is on the order of 1018–1019 cm. This
is comparable to the observed separation and is on these
scales where the TDE rate enhancement is expected to
be significant (e.g., Chen et al. 2009, 2011; Liu & Chen
2013).
4. CONCLUSIONS
Milliarcsec resolution observations of ASASSN-14li
and its host have allowed us to resolve the radio emis-
sion into two components connected by a bridge of dif-
fuse emission. Due to their morphology, one of the
sources could represent a putative AGN, whilst the pos-
sibly elongated source could correspond to a jet/outflow
knot related to ASASSN-14li. If the proper motion
of the elongated component is sustained at a rate of
5.2–5.4 mas yr−1, our future EVN observations (project
ER045) should easily detect these changes. This sce-
nario will favor the interpretation of ASASSN-14li as
the first superluminal TDE jet ever resolved, although
we note that superluminous jets are much brighter than
what we find here. If no proper motion is noticeable in
the new observations, this would imply that the elon-
gated component moves indeed at subluminal speeds,
hence favoring its interpretation as a past AGN/TDE
flare. However, observations with a better uv-sampling
are needed in order to corroborate the morphology of
the fainter source (elongated vs. compact). If it turns
out to be compact, then there would be a higher possi-
bility that this system is a binary BH, the one with the
smallest separation ever found.
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